Abstract: Highway stormwater runoff represents a significant source of dissolved copper to surface 4 waters. It is well established that even low concentrations of dissolved copper can be toxic to many 5 aquatic organisms. In the Pacific Northwest of the United States, recent research has focused on the 6 effects of low-level copper exposure to salmonids listed as threatened or endangered under the 7 Endangered Species Act (ESA). In light of these recent studies, increasingly stringent guidelines for the 8 discharge of highway stormwater runoff have been imposed as part of ESA assessments of 9 transportation projects. Assessing factors that may impact dissolved copper concentrations in 10 stormwater provides a practical framework for predicting when and where copper toxicity could be 11 problematic. A stormwater sampling effort was performed to examine the influence of site locale, 12 traffic density, storm hydrology, the "first-flush" effect, and water quality parameters on measured 13 dissolved copper concentrations in highway stormwater runoff. In general, runoff from urban/high 14 traffic sites and "first-flush" samples exhibited higher copper concentrations than other samples. 15
Introduction 22
Stormwater runoff can be a significant source of metals (e.g., Cu, Zn, Cd, Pb, Ni) to surface waters 23 (Dean, et al., 2005 , Kayhanian, et al., 2003 , Kayhanian, et al., 2007b , USEPA, 1983 . Of these metals, 24 copper is of particular concern due to its effects on salmonid species at very low concentrations. Recent 25 research has shown that concentrations of dissolved copper as low as 0.18 to 2.1 μg/L above background 26 levels (≤3 μg/L) can adversely affect salmonid species (Hecht, et al., 2007 , McIntyre, et al., 2008 , 27 Sandahl, et al., 2007 . Large stormwater studies have shown that untreated highway runoff often 28 contains dissolved copper concentrations above these levels (Bannerman, et al., 1996 , Driscoll, et al., 29 1990 , Kayhanian, et al., 2003 and dissolved copper has been shown to contribute to aquatic toxicity 30 (Kayhanian, et al., 2007a) . Because salmonids and other threatened or endangered species inhabit 31 surface waters that receive stormwater inputs, increased scrutiny has been placed on the discharge of 32 highway stormwater runoff to those receiving bodies. Often, the impacts of highway stormwater runoff 33 on these water bodies are evaluated based on end-of-pipe concentrations. As such, it is important to 34 understand the variables controlling dissolved copper concentrations in highway stormwater runoff as a 35 means of identifying characteristics of the most problematic sites and designing appropriate treatment 36 strategies. The objectives of this work were to: 1) identify the effects of site location, storm hydrology, 37 and water quality parameters on the concentration of dissolved copper in Oregon highway runoff; and 2) 38 develop a qualitative understanding of conditions under which elevated dissolved copper concentrations 39 in highway stormwater runoff have the greatest potential to impact receiving waters. 40
The sources of copper in highway stormwater runoff include engine oil, combustion of lubricating 41 oils, roof/gutter runoff, building siding corrosion, fertilizers, pesticides, industrial releases, and wet and 42 dry deposition (Davis, et al., 2001 , Kim and Fergusson, 1994 , Makepeace, et al., 1995 , Rosselot, 43 2006b ). However, the biggest single source of copper to highway stormwater runoff is brake pad wear 44 (Legret and Pagotto, 1999, Rosselot, 2006a dissolution/precipitation, adsorption, and redox processes in rainwater and stormwater runoff. 48
Dissolved copper endangers salmonids at low concentrations by inhibiting their olfactory system, 49 thereby decreasing their predator avoidance behavior (Sandahl, et al., 2007) . A number of factors may 50 influence the concentration of copper in stormwater. The "first flush effect" (Barrett, et al., 1998 , Flint 51 and Davis, 2007 , Kayhanian, et al., 2007b , increased traffic density (Driscoll, et al., 1990 , Kayhanian, 52 et al., 2003 , and lengthy antecedent dry periods (ADPs) (Driscoll, et al., 1990 , Kayhanian, et al., 2003 , 53 Prestes, et al., 2006 , Soller, et al., 2005 , have been linked to increased copper concentrations in 54 stormwater. Total rainfall volume, rainfall duration, and rainfall intensity have been correlated to 55 decreased copper levels, likely due to dilution (Driscoll, et al., 1990 , Kayhanian, et al., 2003 . Other 56 factors, such as ecoregion classification may also affect copper in highway runoff. For the purposes of 57 regulating copper in highway stormwater runoff and planning transportation projects, it is important to 58 know what conditions/locations may be most problematic. 59
Although the concentration of dissolved copper is a key factor in determining toxicity, it is important 60 to recognize that only a fraction of dissolved copper (consisting of free ionic and weakly complexed 61 species) is bioavailable in natural waters (Brooks, et al., 2007 , Luider, et al., 2004 , Sigg and Behra, 62 2005 , USEPA, 2007 . A number of water quality (WQ) parameters may influence copper toxicity. Both 63 organic and inorganic anionic species form aqueous complexes with copper. pH affects the solubility of 64 dissolved copper while hydronium ions also compete with free ionic copper (Cu 2+ ) for adsorption sites 65 on ligands and biota. Additionally, hardness cations (primarily Ca +2 and Mg +2 ) compete with Cu 2+ for 66 adsorption sites on ligands and can also be an indicator of inorganic anions (Luider, et al., 2004 , 67 USEPA, 2007 . The presence of hardness cations can decrease the solubility of Cu through competition 68 through competition with Cu +2 for adsorption sites on aquatic organisms. Despite these effects, toxicity 70 guidelines have historically been based on dissolved copper concentrations with a correction for water 71 hardness. Only recently has the Environmental Protection Agency (EPA) adopted a biotic ligand model 72 to establish copper toxicity criteria in freshwater (USEPA, 2007) Mountains, the Bend site receives less average annual rainfall than the other sites. Also of note, the 93 it exclusively drains the surrounding highway and is located close to our analytical lab. 95
Sample Collection 96
All storms sampled in this study were characterized by ≥ 0.15" of rainfall over a 24-hour period 97 preceded by a dry period receiving < 0.04" of precipitation over six hours. A minimum storm duration 98 of one hour was specified and the end of a storm was defined as a six-hour period receiving < 0.04" of 99 precipitation (Washington State Department of Ecology, 2008) . 100
Samples at all sites were collected with automated samplers triggered by flow measurements in the 101 collection system using bubbler flow meters. Flow-weighted composite samples were collected at the 102 Portland, Bend and Wemme sites and grab, first flush and discrete flow-weighted samples were 103 collected at the Corvallis site. Rainfall data was collected on-site in Corvallis using a tipping-bucket 104 rain gauge. Local weather stations were used at the other three sites. At each of the sites, field 105 personnel verified the proper function of the autosampler, installed a clean polyethylene sampling 106 bottles, and surrounded them with crushed ice prior to sampling. Further details of the sample collection 107 procedures and equipment, along with schematics of the systems are provided in the supporting 108 information. 109
Sample Handling 110
At the Portland, Bend, and Wemme sites, bulk composite samples were delivered to a contract lab 111 (Test America) within 24 hours of initial collection. At the lab, composite samples were separated into 112 subsamples where one was immediately analyzed for cations and anions and the other mailed overnight 113
to Corvallis in coolers packed with ice. Composite samples from the Corvallis site were formed by 114 combining aliquots from discrete samples. The volume of the aliquots was based on the number of 115 discrete samples collected. Individual flow-weighted samples were thoroughly mixed and a large bore 116 volumetric pipette was used to collect an aliquot of the sample and put it in a new, clean container. This 117 process was completed within one hour of sample pickup from the site. 118
Analytical Methods 119
with Standard Method 2540D (APHA 2005) and a 60 mL aliquot was extracted to measure total cations. 121
In this work, "total" cations refers to the concentration of acid-extractable cations released after >1 hour 122 equilibration in 1% (v/v) ultrapure HNO 3 (Aristar Ultra), dropping the pH to below 2. This procedure is 123 a modification of Standard Method 3030C (APHA, et al., 2005) and was meant to represent the bio-124 available fraction of metals lightly adsorbed to particulates in the sample (Li, et al., 2009) to be statistically significant (Ramsey & Schafer 2002) . 160
Results and Discussion 161
As outlined above, factors likely to influence the presence of copper in runoff samples include AADT, 162 urban site classification, ADP, the "first flush effect", total rainfall, and rainfall intensity. All of these 163 factors were considered in this study; roadway and site characteristics are shown in Table 1 and a 164 summary of the storm-specific hydrologic data is summarized in Table 2 . The sampled events were 165 characterized by a wide variety of ADP (10 h -2 weeks), total rainfall (0.09 -2.11 in), and event 166 duration (6 -48.2 h). 167
Several water quality parameters were examined for correlations with both total and dissolved copper. 168
Aggregate WQ data, including total and dissolved trace metal concentrations from the composite 169 samples collected at all sites are shown in Table 3 . Important among these parameters are TSS and 170 DOC. TSS is both a potential source (via dissolution of Cu-containing solids) and sink (via adsorption) 171 for dissolved copper, and DOC is known to form strong aqueous complexes with dissolved copper 172 (Allen and Hansen, 1996 , Buck and Bruland, 2005 , Gerringa, et al., 1998 , Lee, et al., 2005 , Stead-173 Dexter and Ward, 2004 . Due to the ability of natural organic matter (NOM) to strongly complex 174 copper, both dissolved copper and DOC (a surrogate measure for NOM) were examined. Possible 175 correlations with other water quality parameters were introduced above. 176
Copper was detected in every composite sample.
[Cu] T ranged from 2.09 -60.9 µg/L while [Cu] d 177 ranged from 1.9 -22.7 µg/L; the median value of the % dissolved copper was 39.3%. This distribution 178 of copper is in agreement with recent research focused on the distribution of metals in urban stormwater 179 (Sansalone, et al., 2010) . Although the discussion here focuses on copper, of the five metals examined, 180 
Site Comparisons 192
In comparing data across the four sites, the concentrations of total copper, dissolved copper, and DOC 193 are of particular interest and are displayed in Fig. 1 . The most apparent difference between the sites is 194 that the concentrations of all these constituents are higher at the Portland site than at the other sites. The 195 statistically significant (at p < 0.05) multiplicative differences between all of these sites are compiled in 196 Table 4 . Because these parameters have been log-transformed, the differences displayed are 197 higher than the median concentration at the Corvallis site, with a 95% confidence interval (CI) of 2.18 to 199 (2.83-7.96, 95% CI). These findings are in line with previous work (Flint and Davis, 2007 , Han, et al., 229 2006 , Kayhanian, et al., 2007a , Sansalone and Buchberger, 1997 and suggest that runoff from early in a 230 storm may be most important with respect to copper toxicity. As such, potential treatment strategies 231 must be designed with the first flush effect in mind. One example might include diverting runoff from 232 early portions of the storm to an appropriate BMP. 233
Relationships with Hydrologic Parameters 234
To examine the effect of hydrologic variables on [Cu] variables accounting for ADP, total rainfall, and rainfall intensity (Table 2) . Rainfall duration was 238 dropped from the analysis due to its co-variation with total rainfall. The MLR analysis revealed the lack 239 of any significant relationship between [Cu] Previous studies with larger datasets have found that the relationship between either total rainfall or 246 rainfall intensity with pollutant event mean concentrations (EMCs) is often weakly negative (Driscoll, et 247 al., 1990 , Kayhanian, et al., 2003 , USEPA, 1983 . Other studies have also shown longer ADPs to be 248 correlated to increased pollutant concentrations (Kayhanian 2003 , Prestes 2006 . The smaller sample 249 size in this study may have contributed to the lack of significant correlations of [Cu] d with hydrologic 250 variables or ADP. Additionally, the samples gathered in this study were primarily from storms in the 251 fall, winter, and spring, and were marked by relatively low ADPs. The sampling of summer storms 252 would likely have provided data over a much greater range of ADPs. However, the unpredictability (and 253 infrequency) of these storms prevented their collection within the time constraints of this study. 254
Correlating Copper Concentrations with other Water Quality Parameters 255
Measuring dissolved copper directly requires highly sensitive instruments and may be expensive, 256 limiting the ability of local, state, and federal highway departments to routinely monitor for copper. 257
Using MLR modeling can help determine other more easily measured variables that correlate with 258 dissolved copper. Knowing these predictor variables may give regulators an idea of when dissolved 259 copper levels are likely to be elevated. Table 5 summarizes the results of this  272 analysis. This preliminary analysis identifies the variables important for predicting [Cu] d , but regression 273 coefficients should be verified through additional sampling prior to using regression models for 274 prediction of [Cu] d (Ramsey and Schafer, 2002) . 275
The most significant variables in predicting [Cu] d were DOC and alkalinity. The weak negative 276 association with pH is reasonable as acidic runoff would dissolve more particulate copper. The 277 relatively low p-value may be indicative of the fact that the pH of stormwater samples collected in this 278 study were approximately neutral and did not vary greatly. As a result, other effects are more 279 pronounced. Hardness and alkalinity were highly correlated (Fig. S6 in supporting information) ; this 280 relationship is likely due to the dissolution of carbonate minerals such as CaCO 3 from the road surface 281 and drainage system. The strong co-variation of hardness and alkalinity explains why only one of these 282 variables (alkalinity) was retained in the MLR model. copper, possibly because both stem from the dissolution of solid phases (e.g., roadway surfaces and 309 particles from brake pad wear). This is a reasonable conclusion; NOM has a strong affinity for copper 310 and is likely to cause particulate copper (part of the total copper measurement) to partition into the 311 dissolved phase. 312
Intra-Storm Variations in Copper Concentration 313
Flow-weighted samples collected throughout 9 different storms were examined at the Corvallis site. 314
These flow-weighted samples were analyzed for dissolved trace metals and DOC. An example of the 315 data collected is shown in Fig. 4 V i /V tot is a ratio which represents the cumulative volume of runoff when sample i was taken divided by 329 the total runoff volume produced by the storm. This measure can be applied to all storms and is used 330 here to show the overall progress of a storm, though it does not account for the storm magnitude. 331
Normalized [Cu] d and DOC concentrations were found to decrease with increasing V i /V tot (p < 0.05, 332 two sided t-tests). 333
Conclusions 334
Results of the study confirm earlier findings that urban (high traffic) highways show the most 335 potential for producing runoff that would expose aquatic species to elevated levels of [Cu] than samples collected at later times during a storm. Therefore, best management practices (BMPs) 338 aiming to ameliorate the effect of copper should focus on high traffic, urban areas, the first flush of 339 storms, and discharges to receiving waters inhabited by salmonid species. Specific conclusions include: 340 1. Dissolved copper concentrations in highway runoff from an urban site were significantly 341 higher than those from three non-urban sites when characterized on the basis of AADT. 342
However, there were no significant differences in dissolved copper EMCs in runoff measured 343 at the three non-urban sites, which varied in terms of eco-region and AADT. 344 2. There were no significant effects of ADP, total rainfall, rainfall duration, or average rainfall 345 intensity on [Cu] d in composite samples. There was also no significant effect of ADP on 346
[Cu] d in first flush samples from the Corvallis site. In sum, amongst these varied sites in 347 Oregon, storm hydrology was not a significant factor controlling dissolved copper 348 concentrations. 
S2

Stormwater Sampling Equipment
Portland, Bend, and Wemme. Flow-weighted composite samples were collected at the Portland, Bend and Wemme sites by staff of Herrera Environmental Consultants (Portland, OR).
At these sites, a bubbler flow meter (Sigma 950) was used to measure water level in a pipe (converted to flow with Manning's Equation) and triggered a portable autosampler (Sigma 800 at Portland and Bend, Sigma SD900 at Wemme) to take 100 ml sub-samples at a preset flowpacing increment into one composite sample. A 3/8" inner diameter Teflon tube was used for the intake line. Rainfall data was collected from local weather stations. At each of these sites, field personnel verified the proper function of the autosampler, installed a clean 15.2-liter polyethylene carboy, and surrounded it with crushed ice prior to sampling. A schematic of the sampling equipment is shown in Fig. S1 . and rain gauge (ISCO 674) were both connected to the autosampler. The intake line consisted of a 3/8" inner diameter Teflon tube connected by a small piece of tygon tubing to a Teflon-coated strainer. A 12" V-notch weir (Thel-mar®) was placed at the end of the outfall pipe to create submerged conditions. This setup allowed for more accurate level measurement and created a sufficient stormwater volume from which to collect samples. Measured water levels were converted to flow rates using the V-Notch Weir equation (Walkowiak, 2008) . Data for water level, precipitation, and sampling events was typically recorded at 1-minute intervals. A schematic of the sampling equipment is shown in Fig. S2 . Prior to field deployment, the intake tubing was washed successively with 10% HCl, 10% HNO 3 , and distilled deionized (DDI) water (Barnstead NANOpure II). Before each storm event, the intake volume and bubbler level were calibrated in the field with deionized (DI) water and ice was put in the autosampler cavity. The autosampler was programmed to take a first flush Table S1 . There was some slight contamination of field blanks, especially by Zn.
However, in cases where trace metals were detected in field blanks, they were at concentrations less that 10% of the measured concentrations during the storm. Method blanks revealed that no contamination occurred during processing of the samples in the laboratory.
Method Precision. Table S2 displays the results of spike and recovery experiments where the composite stormwater sample was spiked with Zn, Cu, Cd, Ni, and Pb at roughly double the expected concentrations in the stormwater sample. In every case, errors were less than 2% when comparing the expected values with those measured by ICP-OES. Figure S6 shows the correlation between alkalinity and hardness in all of the samples collected at the four sites. The four Wemme samples that were omitted from the MLR modeling lie wellabove the expected trend. In these samples, hardness was added (as MgCl 2 ) without an addition of alkalinity, as would have been the case for the dissolution of CaCO 3 . The four samples exhibit [Cu] d that are much lower than would be expected, given their alkalinity and DOC concentrations. As a result, the inclusion of those points in the analysis yields a model that also 
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Correlation of Total and Dissolved Copper
As shown in Fig. S7 , dissolved copper concentrations are clearly correlated with total copper concentrations. As stated in the manuscript, 39.3% of the total copper was dissolved (median). 
